Abstract-Our objective was to determine the relationship of T1rho and T2 relaxation mapping to the biochemical and biomechanical properties of articular cartilage through selective digestion of proteoglycans and collagens. Femoral condyles were harvested from porcine knee joints and treated with either chondroitinase ABC (cABC) followed by collagenase, or collagenase followed by cABC. Magnetic resonance images were acquired and cartilage explants were harvested for biochemical, biomechanical, and histological analyses before and after each digestion. Targeted enzymatic digestion of proteoglycans with cABC resulted in elevated T1rho relaxation times and decreased sulfated glycosaminoglycan content without affecting T2 relaxation times. In contrast, extractable collagen and T2 relaxation times were increased by collagenase digestion; however, neither was altered by cABC digestion. Aggregate modulus decreased with digestion of both components. Overall, we found that targeted digestion of proteoglycans and collagens had varying effects on biochemical, biomechanical, and imaging properties. T2 relaxation times were altered with changes in extractable collagen, but not changes in proteoglycan. However, T1rho relaxation times were altered with proteoglycan loss, which may also coincide with collagen disruption. Since it is unclear which matrix components are disrupted first in osteoarthritis, both markers may be important for tracking disease progression.
INTRODUCTION
Osteoarthritis (OA) is a common and debilitating disease, affecting approximately 27 million adults in the United States. 29 While there are a number of risk factors for OA, including age, obesity, genetics, and joint injury, studies suggest that biomechanical factors play a critical role in the onset and progression of this disease. 2, 50, 51, 64, 66 OA is characterized primarily by the progressive loss of articular cartilage and remodeling of surrounding joint tissues. 38 Articular cartilage consists primarily of type II collagen fibers, proteoglycans, and water, with a small volume fraction of chondrocytes in the extracellular matrix (ECM). A breakdown in these components is an early indicator of the presence of OA. 20 Specific biochemical changes associated with disease onset and progression include a decrease in both proteoglycan and collagen content and a disruption of the collagen organization within the cartilage matrix, which is attributed in part to the activity of various enzymes such as matrix metalloproteinases (MMPs) and aggrecanases. 7, 20, 23, 27, 28 Changes in the biomechanical properties of articular cartilage that occur with OA include decreased aggregate modulus as well as increased matrix permeability. 35, 37, 49 The loss of proteoglycans in the matrix results in increased hydraulic permeability and decreased fixed charge density, affecting the ability of cartilage to appropriately support mechanical loads. 34, 37 Additionally, disruption of collagen integrity has been shown to decrease the compressive modulus of cartilage and lead to further loss of proteoglycans. 14, 16, 19 However, it remains to be deter-mined whether the in vivo changes associated with OA involve degradation of the collagen or the proteoglycan components first, and whether loss of one of the major constituents renders other tissue components susceptible to further enzymatic degradation. 24, 36 The ability to non-invasively determine the sequence of changes in cartilage composition, as well as their relationship to tissue mechanical properties, could greatly facilitate the early diagnosis and treatment of OA.
Quantitative magnetic resonance (MR) imaging techniques, namely T1rho and T2 relaxation mapping, have been used to study changes in both proteoglycan concentration (T1rho), as well as collagen concentration and organization (T2) within articular cartilage. 1, 19, 26, 31, 43, 44, 61, 63, 64 These quantitative MR imaging techniques allow for a non-invasive assessment of early changes in the cartilage matrix associated with knee OA. However, there is little data quantifying the relationship of both T1rho and T2 imaging biomarkers to the biochemical and biomechanical properties of cartilage following selective and sequential degradation of cartilage components. Therefore, our study utilized a novel repeated measures approach to specifically and sequentially digest cartilage components to elicit changes in imaging biomarkers (T1rho and T2), biochemical properties, and biomechanical properties. We hypothesized that proteoglycan digestion would increase T1rho relaxation times and decrease sulfated glycosaminoglycan (sGAG) content, while collagen digestion would increase T2 relaxation times and the percentage of extractable collagen. Furthermore, these changes would result in decreases in cartilage aggregate modulus.
MATERIALS AND METHODS

Specimen Preparation
Lateral femoral condyles (n = 16) were harvested from skeletally mature, female porcine knee joints obtained from a local abattoir. Knee joints had no gross evidence of OA. Immediately after removal from the femur, the lateral condyles were fixed to the bottom of a plastic container and immersed in a solution of Dulbecco's modified Eagle's medium (DMEM) containing 10 units/mL penicillin/streptomycin/fungizone (PSF) and incubated for 1 h at 37°C. Following the PSF wash, the antibiotics were removed and replaced with phosphate-buffered saline (PBS) to cover the condyles.
Study Procedure
For MR imaging, all condyles were fixed to the bottom of a plastic container and immersed in PBS (Fig. 1) . PBS immersed condyles were placed in the same orientation in a 3T scanner (Trio Tim, Siemens) with an 8 channel knee coil. Sagittal GRE T1rho-and T2-weighted images were acquired in single slices perpendicular to the articular surface (Fig. 2a) . A T1rho-weighted pulse sequence with the following imaging parameters was used: FOV = 14 cm, matrix = 256 9 256 pixels, slice thickness = 3 mm, TR/ TE = 3500/13 ms, B1 = 500 Hz. A series of seven T1rho-weighted images was collected using spin lock times (TSL) of 5, 10, 20, 40, 60, 80, and 100 ms. T2 relaxation times were acquired from the T2 imaging sequence with the following parameters: FOV = 16 cm, matrix = 384 9 384 pixels, slice thickness = 3 mm, TR = 3500 ms, and the following echo times (TE) = 13.8, 27.6, 41.4, 55.2, 69.0, 82.8, 96.6 ms. 5, 19 The resulting signal intensities were fit to exponential equations in order to derive T1rho and T2 relaxation times. 5, 19 Following the initial MR imaging, three 5 mm cartilage explants were harvested from each condyle in an alternating sequence for biochemical, biomechanical, and histological analyses (untreated group) (Fig. 2b) . Enzymatic digestions were then performed to selectively and sequentially target proteoglycans and collagens. Chondroitinase ABC (cABC) (Sigma) was used to deplete sGAG via digestion of chondroitin and dermatan sulfates and hyaluronic acid from proteoglycans. 47, 64 Collagenase was chosen to digest collagen fibrils in the ECM. 18, 53 In treatment arm 1, condyles were digested with 0.15 units/mL cABC (Sigma) at 37°C for 48 h with agitation ( Fig. 1) . In treatment arm 2, condyles were digested with 10 units/mL type II collagenase (Worthington) at 37°C for 48 h with agitation (Fig. 1) . Enzymes were applied for 48 h to allow ample time to diffuse into the cartilage extracellular matrix. Following enzymatic digestion, all condyles were reaffixed to the plastic container and immersed in PBS for a second set of MR images. A second set of three explants was then harvested and stored for biochemical, biomechanical, and histological analyses. The condyles were then digested in either 10 units/mL type II collagenase for 48 h at 37°C in treatment arm 1 or with 0.15 units/mL cABC for 48 h at 37°C in treatment arm 2 ( Fig. 1) . Following digestion, condyles were MR imaged for a third and final time and three additional explants were then harvested for analyses.
Histological Analyses
For histological analyses, frozen explants were placed in optimal cutting temperature (OCT) medium (Sakura Finetek, Torrance, CA) and frozen at 2 20°C. Tissues were cut to 8 lm thick slices, placed on slides, and allowed to dry. Sections were formalin fixed for 10 min and stained with Harris Hematoxylin with glacial acetic acid (Poly Scientific, Bay Shore, NY), 0.02% aqueous fast green (Sigma-Aldrich), and Safranin-O (Sigma-Aldrich) to visually assess cell nuclei, collagens, and proteoglycans, respectively. Stained sections were viewed on an Axiovert S100 microscope (Zeiss) and photographed using a digital camera (Nikon, Melville, NY).
Biochemical Analyses
The explants for biochemical analyses were cut in half perpendicular to the cartilage surface, wet weights were determined, and samples were then lyophilized for 24 h and weighed again to attain dry weights. The water content (%) was calculated as the difference between the wet and dry weights divided by the original wet weight and multiplied by 100. One half of each explant for biochemical analyses was papain digested at 65°C for 24 h. 48 sGAG content was determined using the dimethylmethylene blue (DMMB) assay with a standard curve of chondroitin-4-sulfate type A from bovine trachea (Sigma) in papain. 13 The second half of each explant for biochemical analyses was digested in a-chymotrypsin (Sigma) at 37°C overnight to solubilize the extractable (cleaved) collagen. 21 After a-chymotrypsin digestion, the supernatant was collected and the remaining tissue was digested in papain at 65°C for 24 h. Collagen content was measured in the papain digested and chymotrypsin supernatant samples, using the hydroxyproline assay and a standard curve of trans-4-hydroxyproline (Sigma). 10, 67 Total collagen content was calculated as the sum of the collagen content in both the papain and a-chymotrypsin digested samples. To quantify the percent of extractable collagen in each explant, the collagen content in the a-chymotrypsin fraction was divided by the total collagen content and multiplied by 100.
Confined Compression Testing
Disks (3 mm in diameter) were harvested from the cartilage explants and placed in a previously described confined compression setup. 19, 39 Compressive loads were applied with a rigid porous platen in a confined compression materials testing machine (ELF 3100, Bose, Minnetonka, MN). A 2 gf tare load was used to equilibrate the explants. A step compressive load of 17 gf was then applied and the samples were allowed to equilibrate until the change in displacement was less than 0.001 mm over a period of 100 s. 19, 39 The resulting aggregate modulus was determined using a non-linear least-squares regression model.
39,41
Statistical Analyses
Repeated measures analysis of variance (ANOVA) was used to determine statistically significant differences in outcome measures with a normal distribution (sGAG, % extractable collagen, % water content, T1rho, T2) (p < 0.05). Post-hoc testing was performed using the Fisher's least square difference test. A non-parametric analysis was performed for outcome measures that were not normally distributed (total collagen and aggregate modulus) using the Kruskal-Wallis ANOVA test by ranks (p < 0.05).
RESULTS
Histological Analyses
Histological staining of cartilage explants revealed intact cartilage matrices with abundant Safranin-O staining in the untreated group (Figs. 3a and 3d) . In treatment arm 1 with cABC treatment, approximately the top quarter of the tissue was depleted of sGAG staining (Fig. 3b) . Further digestion of the tissue by collagenase revealed no obvious changes in fast green or proteoglycan staining throughout the tissue (Fig. 3c) . In treatment arm 2, collagenase digestion yielded a slight decrease in Safranin-O staining throughout the tissue and no changes in fast green staining (Fig. 3e) . However, following subsequent cABC treatment, tissues demonstrated loss of proteoglycan staining throughout the top half of the tissue and no obvious changes in collagen content (Fig. 3f) .
Biochemical Composition
In treatment arm 1, sGAG content decreased when condyles were digested with cABC alone (Fig. 4a , p < 0.05), and there was no further decrease in the sGAG content by subsequent collagenase digestion. In treatment arm 2, sGAG content slightly decreased on average with the addition of collagenase, but these differences were not statistically significant; however, sGAG content significantly decreased when condyles were subsequently digested with cABC (Fig. 4e , p < 0.001).
In treatment arm 1, the percentage of extractable collagen was not altered with cABC digestion, but did increase significantly with subsequent collagenase treatment (Fig. 4b, p < 0.05) . In treatment arm 2, no significant changes were measured in the percentage of extractable collagen between treatment groups (Fig. 4f) . Additionally, total collagen content did not significantly change between treatment groups in either treatment arm (Figs. 4c and 4g) .
The percent water content did not change significantly between treatment groups in treatment arm 1 (Fig. 4d) . However, in treatment arm 2, water content increased significantly when condyles were first treated with collagenase, and when collagenase was followed by cABC, as compared to the untreated group (Fig. 4h, p < 0.05) .
Biomechanical Properties
In treatment arm 1, aggregate modulus decreased on average with cABC digestion, but this difference was not significant (Fig. 5a) ; however, with subsequent collagenase digestion the aggregate modulus significantly decreased compared to the untreated group (p < 0.05). In treatment arm 2, there was a significant decrease in aggregate modulus between the collagenase and collagenase + cABC groups (p < 0.05) and between the untreated and collagenase + cABC groups (Fig. 5b, p < 0.05) .
MR Imaging Analyses
With targeted digestion using cABC in treatment arm 1, T1rho relaxation times significantly increased (Figs. 6a and 7, p < 0.05), but no change in T2 relaxation times was observed (Figs. 6b and 7) . Subsequent digestion using collagenase resulted in a further increase in T1rho relaxation times (Figs. 6a and 7, p < 0.05) and a significant increase in T2 relaxation times (Figs. 6b and 7, p < 0.001).
When condyles were treated with collagenase alone in treatment arm 2, T1rho relaxation times significantly increased (Figs. 6c and 7 , p < 0.05), but did not increase further following cABC digestion. Additionally, when condyles were treated with collagenase alone in treatment arm 2, T2 relaxation times significantly increased (Figs. 6d and 7 , p < 0.001) with no further increase in T2 relaxation times when condyles were subsequently digested with cABC.
DISCUSSION
Early detection of articular cartilage degeneration is important for the diagnosis of OA as well as evaluating disease progression and potential therapeutic interventions. Non-invasive quantitative MR imaging techniques can assess early signs of OA, such as the loss of ECM components and disruption of ECM organization. 19, 30, 32, 60, 63 Specifically, T1rho and T2 relaxation mapping are two MR imaging techniques that allow for the quantification of proteoglycan and collagen organization within articular cartilage, respectively. 1, 11, 25, 26, 31, 32, 44, 45, 63 Several studies have previously examined the relationship of these MR imaging parameters with the mechanical and biochemical properties of bovine, porcine, and human cartilage. 26, 43, 44, 61 However, this study is unique in that T1rho and T2 relaxation mapping were used to assess changes in cartilage composition with corresponding changes in biomechanical and biochemical properties of articular cartilage following sequential enzymatic digestion of cartilage components. We demonstrated that cABC digestion of sGAGs led to elevated T1rho relaxation times, while T2 relaxation times remained unchanged. Additionally, disruption of the collagen organization through administration of collagenase increased the percent of extractable collagen, concomitant with increased T2 relaxation times. Aggregate modulus significantly decreased with the loss of both sGAGs and collagens.
Histological analyses provided visual evidence of selective depletion of cartilage components. In the first treatment arm, upon initial treatment with cABC, explants demonstrated reduced Safranin-O staining while the integrity of the collagen matrix appeared intact, as evidenced by fast green staining in the superficial zone. In the second treatment arm, samples demonstrated continued presence of proteoglycans when treated with collagenase and a large reduction in the intensity of safranin-O staining in explants that were treated with cABC. Supporting these results, our biochemical analyses demonstrated decreased proteoglycans with cABC digestion, but no significant change in the total collagen content following collagenase digestion. We found significant increases in the percentage of extractable collagen in the first treatment arm following collagenase digestion, which corresponded to an increase in T2 relaxation times, a surrogate measure for changes in collagen organization within the matrix. 31, 42, 62 Targeted digestion of cartilage components in this study demonstrates the utility of T1rho and T2 relaxation times as non-invasive measures of cartilage composition. Specifically, selective digestion of sGAGs by cABC resulted in a statistically significant increase in T1rho relaxation times with no change in T2 relaxation times. These results confirm the findings of other studies that have used T1rho relaxation mapping to quantify changes in proteoglycan content within articular cartilage. 1, 8, 12, 19, 31, 47, 54, 58, 60, 64 For example, Li et al. 30, 31 demonstrated higher T1rho relaxation times in the cartilage of OA patients than in healthy subjects and also correlated T1rho relaxation times with OA severity. They also observed no relationship between T1rho and collagen content. 31 Similarly, Duvvuri et al. demonstrated increased T1rho relaxation times in bovine patellar cartilage that had undergone enzymatic depletion of proteoglycans. Furthermore, no significant changes were observed in the T1rho relaxation times of samples treated with collagenase. 12 Additionally, a previous study from our group showed that in porcine knee joints, T1rho relaxation times were increased in OA regions compared to normal regions of the same joint and were negatively correlated with sGAG content in the tissue. 19 Further supporting the relationship of T1rho and proteoglycan content, Akella et al.
1 depleted proteoglycans by enzymatic degradation and found a strong correlation between changes in proteoglycan content and T1rho relaxation times. However, the present study also examined the mechanical properties of cartilage and found significant changes in the aggregate modulus of the tissue following enzymatic digestion, coinciding with changes in proteoglycan and collagen content by imaging and biochemical analyses.
In this study, we reversed the order of digestion in the two arms to isolate the influence of sequencespecific effects. While there may have been a minor loss of extracellular matrix components throughout the experiment, this likely resulted in negligible effects compared to the influence of enzymatic digestion. In this study, we harvested explants from the same condyles throughout the course of the experiment and removed each explant with minimal disruption to the surrounding tissue. However, the removal of the explants likely allowed greater access of the enzymes to the tissue immediately adjacent to the explant harvest sites. Therefore, subsequent imaging and explant harvests occurred in areas away from prior harvest sites (Fig. 2a) . All samples were treated in the same fashion to maintain consistency among groups. Furthermore, while biochemical and histological explants provided data at a single site, imaging provided measures from a broader region across the condyle. Therefore, there may be some variability between measures acquired using imaging and biochemical, biomechanical, and histological analyses.
An important conclusion from the present study was the finding that T2 relaxation mapping is not sensitive to changes in proteoglycan content within cartilage. Specifically, we found no changes in T2 relaxation times following targeted enzymatic digestion of sGAGs with cABC. However, T1rho relaxation times were increased by both cABC and collagenase digestion. This increase in T1rho relaxation times following the loss of the collagen matrix integrity may be due to loss of proteoglycans that had been restrained by the collagen fibrils, influx of water, or a combination of both. Furthermore, in treatment arm 2, there was a significant increase in T1rho relaxation times following collagen digestion with no further increase after cABC degradation, suggesting that many of the proteoglycans were released from the ECM during the collagenase digestion (Fig. 6c) . On the other hand, we found that following cABC digestion, the addition of collagenase resulted in statistically significant increases in T2 relaxation times, corresponding to an increase in the percentage of extractable collagen. These results are similar to those of Fleck et al. 15 who showed that sequential treatment of cABC followed by collagenase resulted in increased cartilage degradation compared to cABC or collagenase alone. Therefore, the action of collagenase preceded by cABC may have a greater effect on collagen matrix degradation than collagenase alone 15 or than collagenase prior to cABC. Our findings suggest that T2 relaxation times are sensitive to disruption in collagen organization. In these experiments, the total amount of collagen was not changed but the amount of extractable collagen increased with collagenase digestion. This is consistent with previous studies in the literature. 31, 46, 62 Specifically, Li et al. 31 found no correlation between T2 relaxation times and total collagen composition. Similarly, Wei et al. 62 found no significant relationship between T2 relaxation times and collagen content; the authors speculated that T2 relaxation times may better reflect alterations in collagen organization rather than a change in collagen content within the cartilage. Interestingly, T2 relaxation times have been found to be higher in cartilage with moderate OA compared to severe OA 9, 19 possibly due to alterations in collagen alignment and organization near the articular surface that occur before the loss of extracellular matrix during OA progression. 4, 17, 55 In the present study, to measure degraded collagen we treated explants with a-chymotrypsin to solubilize the extractable (cleaved) collagen. 3, 21, 22 We have previously shown a significant increase in the percentage of extractable collagen in OA regions of cartilage compared to normal regions of cartilage within the same joint. 19 Disruptions in the collagen organization occurring within the ECM may allow water to enter the tissue, resulting in increases in water content, extractable collagen, and T2 signal. Taken together, these findings are consistent with several previous studies showing that enzymatic digestion of collagen in vitro or in early OA may not alter total collagen content despite observed changes in collagen organization, imaging properties, and tissue mechanical properties. 19, 31, 62 The biochemical properties of cartilage were also affected by selective digestion of proteoglycans and collagens, which serves to validate our digestion protocols and the results of our imaging analyses. The loss of both collagen integrity and proteoglycans resulted in a significant reduction in aggregate modulus; therefore, the compressive stiffness of cartilage is likely sensitive to the combined loss of proteoglycans and disruption in the organization and alignment of collagen fibrils within the matrix. Additionally, in a cytokine-induced model of bovine cartilage degeneration, Wheaton et al. 64 demonstrated progressive changes in biochem- ical content with increasing duration of interleukin-1 (IL-1) exposure and these changes corresponded to reduced aggregate modulus. Compressive stiffness has also been shown to be reduced by disruptions to collagen fibril alignment at the cartilage surface that occur early in the progression of OA. 16, 59 Changes in the aggregate modulus, or stiffness, of the tissue may be the result of a reduction in the matrix components that contribute to the fixed charge density and, thus, stability of the matrix. The superficial zone may play an important role in the compressive viscoelastic behavior of cartilage and changes in the properties near the surface, namely collagen fibrillation, may preferentially affect the mechanical properties of the tissue. 52 A decrease in cartilage stiffness occurred with depletion of proteoglycans and further with a disruption of the collagen matrix, which is also reflected by an increase in the percentage of extractable collagen and an increase in T2 relaxation times. In treatment arm 2, the collagenase digestion did not significantly affect sGAG content as measured biochemically, despite changes in T1rho relaxation times. This may be due to differences between the local measurements of proteoglycan content assessed using biochemistry vs. the more global assessment of T1rho relaxation times across the surface of the condyle, or could indicate that T1rho is a more sensitive measure of changes in proteoglycan content. Importantly, disruption of both collagen and proteoglycans resulted in the largest changes in mechanical properties. Therefore, our results demonstrate the ability to selectively and sequentially deplete cartilage components with corresponding changes in biochemical and biomechanical properties and imaging biomarkers.
In applying these imaging biomarkers clinically, it is important to note that these tools are sensitive to cartilage loading history. 19, 40, 56 For example, in healthy human subjects, we have shown that walking results in decreased T1rho relaxation times, consistent with water exudation and an increase in proteoglycan concentration with joint loading. 19 Future work could potentially use these imaging biomarkers, in combination with novel tools quantifying the mechanical response of cartilage, 6, 33, 57, 65 to investigate the rela- tionship between altered mechanical loading and changes in cartilage composition in populations at risk of developing OA.
Our results indicate that selective depletion of proteoglycans and collagens can elicit changes in T1rho and T2 relaxation times, respectively. However, T1rho relaxation time may be a better measure of proteoglycan loss that occurs coincident with collagen degradation and thus, a more sensitive imaging biomarker of ECM disruption. Interestingly, sequential digestion of proteoglycans and collagens did not result in the same T1rho and T2 relaxation times or biochemical properties. As it is unclear whether proteoglycan loss precedes collagen breakdown or vice versa in the pathway to OA, both T1rho and T2 imaging biomarkers are therefore useful for tracking the progression from healthy to degraded cartilage. Early identification of cartilage degeneration, such as that detected using T1rho and T2 imaging, is critical to the design of therapeutic interventions aimed at ultimately halting the initiation and progression of this devastating disease.
